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ABSTRACT Cyclin dependent kinase (Cdk) 5,
an atypical member of the Cdk family, plays a
fundamental role in the development of the nervous
system, and may also be involved in the pathogene-
sis of certain neurodegenerative diseases. Further,
Cdk5 is activated by the specific regulatory proteins
p39, p35, or p25 rather than cyclins, and in contrast
to other members of the Cdk family is not involved
in the progression of the cell cycle. A three-dimen-
sional computer model of Cdk5-p25-ATP has been
generated previously [Chou et al., Biochem Biophys
Res Commun 1999;259:420–428], providing a struc-
tural basis for the study of the mechanisms of Cdk5
activation. To assess the predicted ATP and p25
binding domains at the N-terminal of Cdk5, two
mutants of Cdk5 were prepared in which amino
acids 9–15 (�9–15) or 9–47 (�9–47) were deleted.
The results of these studies clearly demonstrate
that an N-terminal loop and the PSSALRE helix are
indispensable for Cdk5-p25 interactions, and amino
acids 9–15 are necessary for ATP binding but are not
involved in Cdk5-p25 interactions. Predicted mod-
els of �9-15 Cdk5 and �9-47 Cdk5 were generated,
and were used to interpret the experimental data.
The experimental and molecular modeling results
confirm and extend specific aspects of the original
predicted computer model, and may provide useful
information for the design of highly selective inhibi-
tors of Cdk5, which could be used in the treatment of
certain neurodegenerative conditions. Proteins 2002;
48:447–453. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Based on sequence homology, cyclin-dependent kinase
(Cdk) 5 is a member of the Cdk family.1 However, Cdk5 is a
unique member of this family in that it is active in
postmitotic neurons,1 and is activated by the regulatory
proteins p39, p35, or p25 rather than cyclins.2–4 p39 and
p35 are unique gene products and are highly enriched in
the nervous system.5 p25 is a 208-residue C-terminal
proteolytic product of p35.6,7 The domains of p35 involved
in interacting with and activating Cdk5 reside entirely
within the p25 sequence,8 and therefore p35 and p25
would be predicted to similarly activate Cdk5. However,
p25 is much longer lived in the cell than p35, possibly due

to decreased proteasomal degradation resulting from the
loss of a ubiquitination signal.9,10 In addition, p25 has
been reported to show a differential distribution within the
cell compared to p35.10 Therefore, although p35 and p25
regulate Cdk5 in a similar manner, the differential distri-
bution and increased stability of p25 could result in an
increase in Cdk5 activation by p25 in the cell compared to
p35.

Cdk5 itself is widely expressed. However, Cdk5 activity
is detected almost exclusively in the nervous system due to
the selective localization of p35 and p39.1,8 Cdk5 has been
shown to play a pivotal role in neuronal development and
differentiation,8 and there is also evidence that a dysregu-
lation of Cdk5 (possibly due to increased levels of p25) may
contribute to the pathological processes in Alzheimer’s
disease brain.10 Further, there is data suggesting that
aberrant activation of Cdk5 may play a role in facilitating
apoptosis.10–14

The activity of Cdk is tightly regulated and dependent
upon association with p39 or p35/p25,2–4 although certain
phosphorylation events may also modulate its activ-
ity.15,16 Cdk5 shows high sequence identity to Cdk2.
However, there is little homology between the cyclins and
p39 or p35/p25, the regulatory subunits of Cdk5.2–4 Using
different molecular approaches, several studies have eluci-
dated the specific domains of p35 that are important for its
interaction with, and activation of, Cdk5.17–20 Further,
these earlier studies indicated that the activation domain
of p35/p25 may adopt a cyclin-fold structure,18 which has
recently been verified by a crystal structure analysis of
Cdk5-p25.21

To better understand the interaction between Cdk5 and
p25 and the mechanisms by which Cdk5 is activated,
three-dimensional computer modeling of Cdk5/p2522 has
been carried out based on the X-ray structure of the
Cdk2-cyclin A-ATP complex23,24 and the predicted cyclin-
fold structure within p35/p25.18 This model, which is in
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accordance with the recently published crystal structure of
Cdk5/p25,21 provided the initial structural basis for this
study on the mechanisms of Cdk5 activation. Although the
crystal structure data elucidated the role of the T-loop in
regulating Cdk5 activity,21 the role of the N-terminal
region of Cdk5 in the activation process was not fully
described. In addition, the Cdk5-p25 crystal structure was
determined in the absence of ATP. Therefore, to assess the
predicted ATP and p25 binding domains at the N-terminal
of Cdk5, two N-terminal deletion mutants of Cdk5 were
made in which amino acids 9–15 (�9–15) or 9–47 (�9–47)
were deleted. These constructs, as well as wild type Cdk5,
were used in kinase and co-immunoprecipitation assays to
determine the role of these particular domains in ATP and
p25 binding. Further, molecular modeling of Cdk5 and its
two deletion mutants, �9–15 and �9–47, in complex with
p25 and ATP, was also carried out. The experimental
results of these studies clearly demonstrate that an N-
terminal loop and the PSSALRE helix are indispensable
for Cdk5-p25 interactions, and amino acids 9–15 are
necessary for catalytic activity, but are not involved in
Cdk5-p25 interactions. These results thus confirm and
extend specific aspects of the predicted three-dimensional
computer model of the Cdk5-p25-ATP complex22 and are
consistent with the structural analysis by the molecular
modeling in this study.

MATERIALS AND METHODS
Constructs

The CMV expression vectors for p25 and Cdk5 were
generous gifts from Dr. Tsai at Harvard University.3,10

The Cdk5 insert was subcloned into the BamH1 site of
pcDNA3.1 (�), and then used as the template for PCR to
generate deletion constructs of Cdk5. To prepare the two
N-terminal deletion constructs of Cdk5 (�9 – 47 and
�9 –15) based on the predicted functional domains of
Cdk5,6,9 five synthetic primers, P1, 5�-CAAGTGTAT-
CATATGCCAATACGC-3�; P2, 5�-ATAGTTAGCGGC-
CGCTTCCAGTTTCTCGTATTTCTCGT-3�; P3, 5�-ATAA-
GAATGCGGCCGCCCTCCGGGAGATCTGC-3�; P4, 5�-
CAGGGATCCCTAGGGCGGACAGAAGTCGG-3� and P5,
5�-ATAAGAATGCGGCCGCCGGAACTGTGTTCAAG-
GCCA-3� were used in the following combinations. For
the construct of �9-47 mutant, Cdk5/pcDNA3.1 (�) was
used as a template, and the P1 (forward) and P2
(reverse) primers were used to produce the 1.2 kb F1
fragment with a 5� Nde1 site from the vector and a 3�
Not1 site. The 750-bp F2 fragment was generated using
the P3 (forward) and P4 (reverse) primers, which started
with the codon for Ala48 of Cdk5 with a 5� Not1 site and
ended with the stop codon for Cdk5 and a 3� BamH1 site.
After PCR, the products were purified and digested with
Nde1 and Not1 for F1 and with Not1 and BamH1 for F2.
After gel purification the fragment F1 and F2 were
ligated into pcDNA3.1 (�), which was digested with
Nde1 and BamH1. To generate the �9 –15 mutant of
Cdk5, the F1 fragment was prepared as described above,
and the F3 fragment was prepared by PCR using the P5
(forward) and P4 (reverse) primers. F3 is an 850-bp

fragment with a 5� Not1 site followed by the codon for
Gly16 of Cdk5 through the codon for the last amino acid
of Cdk5 followed by BamH1 site. After digestion and
purification, the F1 and F3 fragments were ligated into
pcDNA3.1(�) as described above. In both mutants
(�9 – 47 and �9 –15), the deleted sequences were re-
placed with two Ala. After preparation all constructs
were verified by sequencing.

Cell Culture and Transient Co-Transfection

CHO cells were grown in 100-mm Corning plates in F12
media supplemented with 5% Fetalclone II (HyClone), 20
mM glutamine, 100 U/ml penicillin, and 100 �g/ml strepto-
mycin (Life Technologies). When the cells were approxi-
mately 80% confluent, they were co-transfected with the
constructs p25/Cdk5, p25/�9-15 or p25/�9-47 using Fu-
gene 6 (Roche) in serum-free media. Twenty-four hours
later, the transfected cells were harvested, washed with
cold PBS, and stored at �80°C until use.

Cell Lysis and Immunoprecipitation

Cells were lysed in lysis buffer containing 50 mM
Tris-HCl, pH 7.4, 2.5 mM MgCl2, 0.14 M NaCl, 1 mM
EDTA, 1 mM EGTA, 0.5% NP-40, 0.5 mM phenylmethysul-
fonyl fluoride (PMSF), 10 �g/ml leupeptin, 10 �g/ml pepsta-
tin, 10 �g/ml aprotinin, 0.5 �M okadaic acid, 100 �M
�-glycerophosphate. Lysates were clarified by centrifuga-
tion at 20,000g at 4°for 30 min, and protein concentrations
were determined. Extracts (500 �g) were incubated with
either 2 �g Cdk5 polyclonal antibody (C-8, Santa Cruz) or
2 �g of p35 polyclonal antibody (C-19, Santa Cruz) (which
also recognizes p25) at 4°C for 1 h prior to the addition of
50 �l of prewashed protein A Sepharose 6B (Pharmacia)
beads, and incubation with end-to-end rotation at 4°C
overnight. After incubation, the beads were washed three
times with lysis buffer containing 0.25 M NaCl and once
with lysis buffer. The washed precipitates were used for
immunoblotting and kinase assays.

Immunoblotting

Immunoblot analysis was carried out as described previ-
ously.13 In brief, cell lysates were run on a 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel, transferred to
nitrocellulose, and probed with the p35 polyclonal anti-
body, the Cdk5 monoclonal antibody (DC17, Santa Cruz)
or the Cdk5 polyclonal antibody. Immunoblots were quan-
tified using a Bio-Rad GS670 imaging densitometer.

To detect the binding between p25 and Cdk5, �9-15 or
�9-47, the immunoprecipitated beads were boiled in a 2 �
SDS Stop buffer for 5 min, the beads were pelleted, and the
immunoprecipitated proteins subjected to SDS-PAGE, fol-
lowed by immunoblotting with either the Cdk5 polyclonal
antibody or the p35 polyclonal antibody. Protein A conju-
gated HRP (Bio-Rad) was used instead of goat anti-rabbit
IgG-HRP to detect the presence of the proteins.

Kinase Assay

To measure kinase activity, 50 �l of immunoprecipitated
beads were resuspended in 100 �l of kinase buffer contain-
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ing 25 mM Tris-HCl, pH7.4, 10 mM MgCl2, 0.5 mM
(dithiothreitol) DTT, 5% glycerol, 18 �g histone H1 (Calbio-
chem). The kinase reactions were initiated by adding 50
�M ATP, 5 �Ci [�-32P] ATP (Amersham Pharmacia
Biotech), and incubated at 30°C for the time points
indicated. To stop the reaction, 10 �l of the mixture was
transferred to a microfuge tube containing 10 �l of 2 �
SDS Stop buffer and boiled for 3 min. The phosphory-
lated histone H1 was resolved by electrophoresis on a
10% SDS-polyacrylamide gel, and analyzed using phos-
phoimaging (Molecular Dynamics) as described previ-
ously.13 For quantitatively analyzing the kinase activ-
ity, the phosphorylation data from phosphoimaging
were normalized to the p25 levels in the cell lysates as
determined by immunoblotting.

Molecular Modeling

Homology modeling was carried out to obtain structural
information for the three molecular complexes, Cdk5-p25-
ATP, Cdk5(�9–15)-p25-ATP, and Cdk5(�9–47)-p25-ATP.
Exploiting Cdk5’s high homology (70%) and high identity
(60%) to Cdk2,1 a three-dimensional structure for Cdk5
was generated using the web-based SWISS-MODEL Pro-
tein Modelling Server.25 The structure yielded was from a
number of X-ray structures of Cdk2 in complex with cyclin
A and ATP, including that of Jeffery et al.24 [pdb code
1FIN]. The Cdk5-p25-ATP structure thus obtained was
highly homologous to the Cdk2 structure in complex with
cyclin A and ATP. The SWISS-MODEL automated pro-
cess, however, failed to produce a structure for p25 even
though the program was instructed to use the cyclin A
X-ray structure in [1FIN] as template because of low-
sequence homology. Therefore, a model for p25 was cre-
ated by aligning residues 141–291 of p25 (numbering is
based on the sequence of p35 because p25 is a proteolytic
product of this protein) with residues 171–320 of cyclin A
as described previously.18,22 Using this alignment, the
backbone structure of p25 was derived from that of
cyclin A as described by Jeffery et al.24 The side chain
conformations were determined by several cycles of 20
picosecond molecular dynamics simulated annealing at
600 or 300 K followed by slow-cooling stage and energy
minimization. The backbone atoms were fixed in the
first few cycles of the refinement. The constraints were
gradually relaxed to harmonic constraints with force
constant varied for different regions of the molecule
where residues in regions connecting the 	-helices were
subjected to weaker constraint than that in regions of
the conserved helices. The molecular dynamics simula-
tion was performed using both Cartesian coordinates
and torsion angles. In addition to molecular dynamics at
elevated temperature, a dielectric constant of 80 was
also used in energy minimization to perturb conforma-
tions in local minima. To obtain a model for the Cdk5-p25-
ATP complex, the modeled structures of the three
components were superimposed on the X-ray structure
of Cdk2-cyclin A-ATP complex24 by best fitting the
N-terminal lobe of Cdk5 to that of Cdk2 and the helices
of p25 to that of cyclin A. The same refinement strategy

described above was applied to the model of Cdk5-p25-
ATP complex with emphasis on optimizing the residues
involved in intermolecular interaction for which the
harmonic constraints applied were less restrictive than
for residues remote from the intermolecular interfaces.
The modeling was carried out using the software Crystal-
lography and NMR System (CNS)26 and its force field on
the Cray SV1 supercomputer in the Alabama Supercom-
puter Center. The model structures of Cdk5 and p25
were then superimposed on the X-ray structure of the
Cdk2-cyclinA-ATP complex24 by best-fitting only the
N-terminal lobe of Cdk5, and subjected to energy minimi-
zation with proper constraints. The model (depicted in
Fig. 4) is quite similar to that described by Chou et al.22

This structure served as the template for the two Cdk5
mutants in complex with p25 and ATP.

In �9–15 Cdk5, removal of residues 9–15 and the
addition of two Ala residues results in the sequence
M1QKYEKLEAAG, instead of the wild type Cdk5 se-
quence, M1QKYEKLEKIGEGTYG. Modeling for �9–15
Cdk5 was started by filling the backbone coordinates of
residues 6–15 in the Cdk5 structure into the 10-residue
sequence MQKYEKLEAA, followed by energy minimiza-
tion with proper constraints. A similar procedure was
applied to the �9–47 Cdk5 mutant. The molecular model-
ing was concentrated on the structural analysis of the
consequences of these truncations on the binding capacity
of Cdk5 for ATP and p25.

Fig. 1. Expression levels of Cdk5, Cdk5 �9–15 or Cdk5 �9–47 and
p25 in co-transfected CHO cell lysates. CHO cells were co-transfected
with the constructs p25/Cdk5, p25/�9–15 or p25/ �9–47. Twenty-four
hours post transfection, the cells were harvested, and cell lysates (25 �g
protein/lane) were resolved on a 10% SDS-polyacrylamide gel, trans-
ferred to nitrocellulose, and probed with the Cdk5 monoclonal antibody
(A), the Cdk5 polyclonal antibody (B), or the p35 polyclonal antibody,
which also recognizes p25 (C).
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RESULTS AND DISCUSSION
Expression of p25 With Either Cdk5, �9–15, or �9–47

To identify the N-terminal domains of Cdk5 that are
important for catalytic activity and p25 binding, two
deletion mutants of Cdk5 were constructed based on a
predicted three-dimensional model of the Cdk5-ATP-p25
complex.22 In �9–15, amino acids 9–15 of Cdk5, which
contains a predicted ATP binding site,22 were replaced by
two Ala encoded by the Not1 restriction site that was
introduced into the Cdk5 insert. In �9–47, amino acids
9–47, which contain a potential ATP binding site, an
N-loop, and a small portion of the PSSALRE helix, a
pseudo p25 interaction domain based on homology be-
tween Cdk5 and other Cdk family members,22 were de-

leted and replaced by two Ala due to the introduction of the
Not1 site into the Cdk5 insert. Cells were co-transfected
with p25 and Cdk5, �9–15 or �9–47, and protein expres-
sion was examined by immunoblotting. CHO cells express
endogenous Cdk5 [see faint band in control (Con) lane of
Fig. 1(A) and (B)]. However, transfection with wild type
Cdk5 results in a robust increase in expression that is
detected by both monoclonal and polyclonal Cdk5 antibod-
ies [Fig. 1(A) and (B)]. In contrast, the expression of �9–15
and �9–47 was not detected by the monoclonal Cdk5
antibody [Fig. 1(A)]. The inability of the monoclonal Cdk5
antibody to recognize the deletion constructs of Cdk5 is
likely due to the fact that this antibody recognizes an
N-terminal sequence that has been deleted or is disrupted

Fig. 2. Identification of the binding between Cdk5 and p25. Cells were transfected with p25 and the indicated Cdk5 construct and then
precipitated with either the Cdk5 polyclonal antibody (A) or the p35 polyclonal antibody (B), and the resulting precipitates were probed for both
Cdk5 and p25. The polyclonal Cdk5 antibody precipitated all the Cdk5 constructs. In the lane showing the precipitation of the �9 – 47 construct, the
upper band in the Cdk5 blot (A, top panel) is endogenous Cdk5. p25 co-precipitated with both wild type and �9 –15 Cdk5. However, almost no p25
was found in the �9 – 47 precipitate; the p25 that is present likely is due to interaction with endogenous Cdk5 (A, bottom panel). Wild type and
�9 –15 Cdk5 co-precipitated with p25. However, �9 – 47 Cdk5 did not co-precipitate (B), although endogenous Cdk5 did come down with p25 (B,
bottom panel, far right lane).

Fig. 3. Comparison of the kinase activity of Cdk5, �9–15Cdk5, and �9–47Cdk5. Cells were transfected with p25 and the indicated Cdk5 construct,
precipitated with either the Cdk5 polyclonal (left) or the p35 polyclonal antibody (right) and used in a kinase assay with histone H1 as the substrate. The
reaction was terminated after 10 min, the phosphorylated histone H1 was resolved by SDS-PAGE and analyzed using phosphorimaging. Representative
data is shown in (A). For quantitative analyzing the kinase activity, the results from the phosphorimaging were normalized to the p25 levels in the cell
lysates as determined by immunoblotting. The data in (B) are from 3 separate experiments, and activity is presented as a percent of wild type (wt) Cdk5
activity.
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in the mutants. For the �9–47 mutant, an increase in
mobility is observed due to the removal of 36 amino acids
[Fig. 1(B)]. No endogenous expression of p25 or p35 was
observed in the CHO cell. However, co-transfection of p25
with all of the Cdk5 constructs resulted in robust expres-
sion of the protein [Fig. 1(C)].

Amino Acids 16–47 in the N-Terminal Region of
Cdk5 Are Essential for p25 Binding

Co-immunoprecipitation was used to determine the
interaction of Cdk5 and the mutants with p25. Cells were

co-transfected with p25 and Cdk5, �9–47 or �9–15. The
cell lysates were immunoprecipitated with the polyclonal
Cdk5 antibody and probed for the presence of Cdk5 and
p25. Both wild type and �9–15 mutant Cdk5 co-precipi-
tated p25. However, �9–47 did not, even though it was
precipitated by the Cdk5 antibody [Fig. 2(A)]. The small
amount of p25 in the �9–47 precipitates [Fig. 2(A), bottom
panel] is due to interaction with the endogenous Cdk5
[Fig. 2(A), top panel]. To confirm these results, cells were
again transfected with p25 and Cdk5, �9–47 or �9–15,
and then immunoprecipitated with the p35 antibody and
probed for the presence of Cdk5 and p25. These results
confirmed that �9–47 mutant Cdk5 did not bind p25 [Fig.
2(B)], although endogenous Cdk5 did co-precipitate with
p25 in the �9–47 transfected cells [Fig. 2(B), right lane,
bottom panel). These data demonstrate that amino acids
16 to 47 of Cdk5, which contain a portion of PSSARLE
sequence and an N-terminal loop immediately preceding
the PSSARLE sequence, form an essential p25 binding
domain. However, amino acids from 9–15 of Cdk5 are not
involved in p25 binding. The importance of PSTAIRE helix
of Cdk2 in cyclin binding has been demonstrated previ-
ously,24 and the PSSALRE helix in Cdk5 adopts an
identical position21 and thus is essential for the interac-
tion of p25 (p35) with Cdk5. Interestingly, the N-loop of
Cdk5 is essentially a short sequence mainly composed of
five acidic amino acids (DDDDE), which is predicted to
directly interact with 	-helix 6 of p25 (p35) by strong salt
bridges in addition of hydrogen bonds.22 In contrast, even
though the N-loop fragment (DTETE) of Cdk2 is also
acidic, two Asp residues are replaced with two neutral
amino acids (Thr) in comparison with the N-loop of Cdk5.

Fig. 4. The schematic drawing of a computer-modeled structure for
the Cdk5-p25-ATP complex. The Cdk5 backbone is yellow, p25 is red,
and ATP as a space-filling molecule in the CPK color scheme. This figure
was produced using the program Ribbons.31

Fig. 5. Computer-modeled structures of the Cdk5-p25-ATP complex (A) and the Cdk5 (�9–15)-p25-ATP
complex (B). The amino terminus residues relevant to the truncation (�9–15) are shown in purple with side
chains. The C-terminal residues of Cdk5 are shown in the backbone trace in blue. ATP is shown as a
space-filling molecule in CPK color. The hydrophobic residues Ile10 (absent in Cdk5 (9–15)), Val18, Leu64,
Phe80, Phe82, Leu133 forming the hydrophobic half-pocket are shown in yellow with side chains. These figures
were produced using the program Ribbons.31

N-TERMINAL FUNCTIONAL DOMAINS OF Cdk5 451



Thus, the salt bridge interactions between the N-loop of
Cdk2 and cyclin A are likely weaker than those occurring
between the N-loop of Cdk5 and p25.22 This may result in a
significant difference in the affinity and interaction of
Cdk2 and Cdk5 with their respective partners.

Deletion of 9–15 Abolishes the Kinase Activity of
Cdk5

To determine the effects of the deletions on the catalytic
activity of Cdk5, the complexes of Cdk5/p25, �9–15/p25
and �9–47/p25 were immunoprecipitated with either the
Cdk5 or p35 polyclonal antibody, and used to measure
kinase activity. As expected wild type Cdk5 was fully
activated when co-transfecting together with p25. How-
ever, �9–15 showed essentially no activity, and �9–47
showed low activity [Fig. 3(A)]. When kinase activity was
normalized to the levels of p25 in the corresponding cell
lysates, the activity of �9–47 was 11% of the wild type
Cdk5, while �9–15 was 2.5% and represented just back-
ground activity [Fig. 3(B)]. Given the finding that �9–47
does not bind p25 and the fact that there is endogenous
Cdk5 in CHO cells, the activity in the �9–47 precipitates
is likely due to endogenous Cdk5 activity [Fig. 3(B)]. In
contrast, the �9–15 mutant still retains its p25 binding
capability and thus prevents endogenous Cdk5 from bind-
ing the p25 and, therefore, acts as a dominant negative
mutant.

Consistency With the Computer-Modeled Structure

As with other Cdk proteins, the predicted structure of
Cdk5,22 consists of two lobes: the N-terminal lobe (resi-
dues 1–85), which is composed of a 5-strand �-sheet and
the conserved PSSALRE helix, and the C-terminal lobe
(residue 86–291), which is composed mostly by 	-helices
and the T-loop, shown in Figure 4. The interaction be-
tween Cdk5 and p25 (p35) is predicted to occur mainly in
the T-loop region and N-terminal lobe of Cdk5 that in-
cludes the PSSALRE helix and an N-terminal loop located
immediately preceding the PSSALRE segment of Cdk5.
Therefore, deletion of the N-loop and first 3 amino acids of
the PSSALRE helix would be predicted to disrupt the
binding between Cdk5 and p25. This was observed experi-
mentally with the �9–47 mutant.

The ATP binding pocket is located between the two lobes
of Cdk5. Based on a previous model,22 the following amino
acid residues of Cdk5 are predicted to form the ATP
binding pocket: Ile10, Gly11, Glu12, Gly13, Thr14, Val18,
Ala31, Val64, Phe80, Glu81, Phe82, Cys83, Asp84, Asp86,
Lys89, Lys128, Gln130, Asn131, Leu133, Ala143, and Asp144.
These residues form two important characteristics of the
ATP binding pocket: a hydrophobic half-cage for the
adenine and ribose ring, and a GXGXXG motif for the
phosphates of ATP. The side chains of Ile10, Val18, Leu64,
Phe80, Phe82, Leu133 are oriented as such to form a
hydrophobic half-cage for the adenine and ribose ring of
ATP, as shown in Figure 5(A). The 17-residue amino
terminal sequence, M1Q2K3Y4E5K6L7E8K9I10G11E12

G13T14Y15G16T17, of Cdk5 contains the most highly con-
served sequence motif in protein kinases for ATP binding,
GXGXXG, also known as a glycine rich motif.27–29

Deletion of residues 9–15, K9I10G11E12G13T14Y15, af-
fected both of these critical features for ATP binding. From
the structural perspective, K9I10G11E12G13T14Y15 forms
the first �-strand and the loop in the five �-strands of the
N-terminal lobe of Cdk5. In the �9–15 construct, the
sequence MQKYEKLEAA, i.e., the first 8 residues in Cdk5
plus two Ala residues, becomes the N-terminal sequence,
replacing the 15 residue sequence in Cdk5. The possibility
for this new amino terminus sequence to potentially fill in
the structural positions of residues 9–15 of the Cdk5
structure was explored and no plausible arrangement was
found that could keep the hydrophobic and polar character-
istics of the portion of the ATP binding pocket. For
instance, when the sequence, EKLEAA, replaced
I10G11E12G13T14Y15 in the Cdk5 structure, the resulting
change to the ATP binding pocket is the loss of Ile10 as
replaced by a Glu in the hydrophobic portion and the loss
of the GXGXXG motif, especially with the two key Gly
residues replaced by a Lys and a Glu residue. As shown in
Figure 5(B), unfavorable interaction between the new
sequence and the other part of the 5-strand �-sheet would
distort the �-strand conformation and disrupt the ATP
binding pocket, even if the other parts of the protein
structure were kept unchanged.

Therefore, it is clear that the 9–15 deletion changed the
ATP binding pocket by affecting the hydrophobic half-cage
and altered the GXGXXG motif due to the change from
IGEGTYG to EKLEAAG. This would predict that when
the amino acids between 9–15 in Cdk5 were deleted, its
ATP binding capability should be affected. This would
offer an explanation for the loss of catalytic activity in the
Cdk5 (�9–15) mutant (although ATP binding was not
measured directly). Based on these findings, it can be
predicted that point mutations at Ile10, Gly11, or Gly13

should also eliminate Cdk5’s ATP binding capability.
However, amino acids 9–15 are not predicted to be a
component of the N-terminal binding domain of Cdk5, and
no significant impact on the interaction between Cdk5 and
p25 was observed experimentally when residues 9 to 15
were deleted.

The deletion of residues 9 to 47, however, has a great
effect on the N-terminal portion of Cdk5 structure. The
5-strand �-sheet is the main portion of the N-terminal lobe
of the Cdk5 structure. The 9–47 deletion left only the
residues in two strands of �-sheets. This would greatly
reduce the possibility of these residues forming the �-sheet
conformation to interact effectively with p25. This plus the
truncation of the stretch of acidic residues before the
PSSALRE helix would destroy the interaction of Cdk5
with p25, as was observed in the experimental results.

In conclusion, the experimental and modeling data as
reported in the present study have elucidated several
aspects of the original predicted three-dimensional struc-
ture of Cdk522 and extended these original findings provid-
ing a clearer picture of the mechanisms by which Cdk5 is
regulated. Further, there is data to suggest that Cdk5 may
play a role in certain neurodegenerative diseases,9,30 and
therefore Cdk5 may provide a potentially important thera-
peutic target. The molecular modeling and experimental
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data presented in this study clearly indicate which resi-
dues and domains are essential for Cdk5-p25(p35) interac-
tions. This information could be very useful in developing
specific inhibitors of Cdk5 using structure-based drug
design.
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